Arginyl-tRNA synthetase (arginine-tRNA ligase, EC 6.1.1.19) is found in extracts of mammalian cells both as a free protein (Mr = 60,000) and as a component (Mr 72,000) of the high molecular weight aminoacyl-tRNA synthetase complex (Mr > 106). Several pieces of evidence indicate that the low molecular weight free form is not a proteolytic degradation product of the complex-bound enzyme but that it preexists in vivo: (i) the endogenous free form differs in size from the active proteolytic fragment generated in vitro, (ii) conditions expected to increase or decrease the amount of proteolysis do not alter the ratio of the two forms of the enzyme, and (iu) the free form contains an NH2-terminal methionine residue. A model is presented that provides a rationale for the existence of two forms of arginyl-tRNA synthetase in cells. In this model the complexed enzyme supplies arginyl-tRNA for protein synthesis, whereas the free enzyme provides arginyltRNA for the N112-terminal arginine modification of proteins by arginyl-tRNA:protein arginyltransferase. This latter process targets certain proteins for removal by the ubiquitindependent protein degradation pathway. The necessity for an additional pool of arginyl-tRNA for the modifcation reaction leads to the conclusion that the arginyl-tRNA destined for protein synthesis (and/or protein modification) is channeled and unavailable for other processes. Other evidence supporting channeling in protein synthesis is discussed.
channeling in protein synthesis is discussed.
It is becoming increasingly clear that many, if not all, of the macromolecular components of cells are organized into multienzyme complexes or associated with subcellular structures (see ref. 1 for a review). A major consequence of such organization is that it can lead to compartmentalization or channeling of metabolic pathways (i.e., the transfer of metabolites from one enzyme to another without equilibration with the total fluid of the cell). Channeled pathways presumably would be more efficient than free ones by increasing the local substrate concentrations for a given amount of substrate, by minimizing destruction of unstable intermediates or loss due to side reactions, and by allowing for combined regulation of multiple activities.
The protein biosynthetic machinery is among the most complex in the cell; it consists of a large number of protein and nucleic acid components. Organization of these various components has been studied most extensively in the case of the aminoacyl-tRNA synthetases. In extracts of higher eukaryotic cells, these enzymes are generally found in high molecular weight multienzyme complexes, often containing other components as well (2, 3) . The number of synthetases found in these complexes can vary depending on the method of isolation, but as many as eight or nine are routinely found associated with each other (4-7), and even higher numbers have been observed (8, 9) . It is now known that hydrophobic interactions play an important role in holding aminoacyltRNA synthetases in the complex (10) (11) (12) and that terminal extensions on the individual proteins, not required for catalysis, participate in these associations (13) .
For a few aminoacyl-tRNA synthetases (namely, those for arginine and aspartic acid), both high and low molecular weight forms of the enzyme coexist in the same extract (14, 15) . Arginyl-tRNA synthetase (arginine-tRNA ligase, EC 6.1.1.19) is present in extracts of rat liver as a free protein (Mr = 60,000) as well as a component (Mr 72,000) of the high molecular weight complex (Mr > 106) (5, 16) . Comparison of the catalytic and immunological properties of the free and complexed forms of this enzyme initially suggested that they are closely related proteins (17) , and peptide mapping indicated that they are probably identical except for a Mr = 12,000 NH2-terminal extension present on the complexed form (13) .
On the basis of a comparison of the endogenous free form of arginyl-tRNA synthetase with a proteolytically derived fragment released from the complex in vitro, it was thought that the free form might have arisen by a limited cleavage of the complex-bound protein by some endogenous protease (13, 17) . However, several pieces of evidence did not fit with this idea (17) , and the question of whether proteolysis occurs during isolation or whether the free form preexists in the cell was also left open.
We have now examined this issue in more detail. Our resUlts indicate that the endogenous free form differs from the in vitro proteolytically derived enzyme, that the free form probably preexists in the cell, and that most likely it is a distinct translation product. The existence of two forms of arginyl-tRNA synthetase in mammalian cells, coupled with the recently discovered role of arginyl-tRNA in ubiquitindependent protein degradation (18) Rabbit liver tRNA was prepared as described (19) . Reagents for immunoblotting were products of Promega. All other materials were as reported (20) .
Preparation of Arginyl-tRNA Synthetases. Rat liver extracts for gel filtration were prepared from fresh liver by homoge-
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. nization and high-speed centrifugation (see the legend to Fig.  2) . The low molecular weight free form of arginyl-tRNA synthetase was purified from frozen livers as described by Deutscher and Ni (16) . The proteolyzed form of arginyltRNA synthetase was prepared from the high molecular weight complex purified through the Controlled-Pore glass (Electro-Nucleonics) column step followed by treatment with papain (17) .
Enzyme Assays. Aminoacyl-tRNA synthetase activity was determined by measurement of the incorporation of 14C-labeled amino acid into liver tRNA as described (20) . One unit of arginyl-tRNA synthetase represents the incorporation of 1 nmol of amino acid per min under standard conditions. Electrophoresis and Immunoblotting. SDS/PAGE was carried out with 8.5% acrylamide gels as reported (20) . Protein blotting and immunodetection were performed according to the instructions in the Promega kit using IgG prepared against the free form of arginyl-tRNA synthetase (13, 20) .
RESULTS AND DISCUSSION
The Endogenous Free Form of Arginyl-tRNA Synthetase Differs from the Proteolyticafly Derived Enzyme. ArginyltRNA synthetase differs from most other synthetases in that it is routinely found in both free and complexed forms in extracts of eukaryotic cells (5, (14) (15) (16) . In rat liver, the ratio of high to low molecular weight enzyme is about 2:1 (5, 16, 17) . It was originally thought that the free form might be derived from the complexed enzyme by proteolytic cleavage. First of all, the two proteins were closely related structurally, and second, in vitro treatment of the complex with various proteases released an active fragment of arginyl-tRNA synthetase that was the same size as the free form on gel filtration (17) . In addition, since active, lower molecular weight forms of lysyl-and methionyl-tRNA synthetases could also be released from the complex by in vitro limited proteolysis (21, 22) , it appeared that these enzymes might contain a specific protease-sensitive site between their catalytic domain and a domain required for complex formation.
However, more detailed analysis of the proteolytically derived arginyl-tRNA synthetase has revealed that it actually differs in size from the endogenous free form. SDS/PAGE and immunoblotting of the two proteins showed that the Mr of the free form is -2000-3000 less than that of the proteolytically derived fragment; both forms are substantially smaller than the complexed enzyme (Fig. 1) . The size difference between the two smaller forms may also account for the somewhat greater hydrophobicity previously observed for the proteolyzed protein compared to the endogenous free form (17) . Thus, although a lower molecular weight arginyltRNA synthetase can be released from the complex by in vitro proteolysis, it is clear from these data that a single highly protease-sensitive site cleaved by both exogenous and endogenous proteases is not responsible for the production of both the in vivo and in vitro low molecular weight enzymes. As a consequence, the previously presumed identity of exogenous and endogenous cleavage sites no longer supports the idea that endogenous proteolysis is the origin of the free form of the protein.
Extraction Conditions Do Not Alter the Ratio of Complexed to Low Molecular Weight Arginyl-tRNA Synthetase. Additional evidence that argues against artifactual proteolysis for the origin of the endogenous free enzyme is that extraction of rat liver by using a variety of conditions does not affect the ratio of the complexed form to the free form. In earlier work, conditions as extreme as homogenizing livers in the presence of seven protease inhibitors or incubating the homogenate for 1 hr at room temperature in the absence of protease inhibitors resulted in no change in the ratio of the two forms of the enzyme (5, 17) . ,.l of leupeptin (10 mg/ml). Untreated or treated complex (40 1I) was used for the analysis. Lane 1, untreated complex; lane 2, papaintreated complex; lane 3, endogenous free form of arginyl-tRNA synthetase (20 ,g) (16) . Samples were electrophoresed and immunoblotted as described in Materials and Methods.
As a further test to eliminate extraneous proteolysis of the complex as the source of the free form of arginyl-tRNA synthetase, an extract of the supernatant resulting from centrifugation at 100,000 x g (S-100) was prepared from a liver that was immediately placed in liquid N2 to stop possible degradative reactions. Partially frozen liver was homogenized in a medium containing a mixture of protease inhibitors. After centrifugation, gel infiltration of this material gave the usual pattern of arginyl-tRNA synthetase activity with a ratio of complexed form to free form of about 2:1 (Fig. 2) .
In another experiment, cultured liver cells were preincubated for 90 min with a mixture of leupeptin (0.2 ,uM), pepstatin A (0.1 AM), and phenylmethylsulfonyl fluoride (500 ,uM). Again, the ratio of low to high molecular weight forms was unaffected by this treatment, despite the fact that these protease inhibitors can act intracellularly to inhibit proteolysis that might occur even prior to opening the cells (data not shown). The finding that these extreme procedures also do not change the proportion of free arginyl-tRNA synthetase lends strong support to the conclusion that this form of the enzyme preexists in the cell and is not generated by adventitious proteolysis subsequent to cell disruption.
Low Molecular Weight Arginyl-tRNA Synthetase Is Probably a Distinct Translation Product. NH2-terminal sequence analysis of the endogenous low molecular weight arginyltRNA synthetase provides further evidence for the existence of this form of the enzyme in the cell and, in addition, suggests that it is a separate translation product. The free form was purified as reported (16) and also by SDS/PAGE and then subjected to 20 cycles of gas-phase sequencing (Table 1) . Interestingly, in contrast to many eukaryotic proteins, the enzyme was found to be unblocked and, in addition, to begin with an NH2-terminal methionine residue. This finding strongly suggests that the low molecular weight form of the enzyme arises by translation. Since methionine residues represent only 3% ofthe amino acids in the complexProc. Natl. Acad. Sci. USA 87 (1990) .I ) .:
1\ P.;. The frozen liver was crumbled with a mortar and pestle, and the small pieces were allowed to partially thaw in an ice-cold medium containing 50 mM Hepes-KOH (pH 7.4), 165 mM potassium acetate (pH 7.0), 3 mM MgCI2, 3 mM glutathione, 0.2 mM EDTA, 0.4 mM phenylmethylsulfonyl fluoride, leupeptin (0.05 ,ug/ml), a2-macroglobulin (0.05 ,g/ml), and 7% (vol/vol) glycerol. The sample was homogenized by hand and centrifuged, and 10 ml ofthe S-100 fraction was chromatographed on a column (495 ml) of Sephacryl S-300 (17).
Fractions of 6 ml were collected, and 15-Al portions were assayed for arginyl-tRNA synthetase activity for 4 min at 37°C. bound enzyme (13), a proteolytic cleavage that generates an NH2-terminal methionine would be extremely unlikely.
Additional evidence suggesting that the free arginyl-tRNA synthetase arises by translation comes from a comparison of its NH2-terminal sequence with the NH2 terminus of the Escherichia coli enzyme (23) . As shown in Fig. 3 , there is a high degree of homology between these two sequences. Seven of 19 residues (37%) within the sequence are identical, and an additional 7 are related by a single nucleotide change in their respective codons. Such a high level of sequence conservation between these widely separated organisms suggests that this portion of the protein has been maintained relatively intact during evolution and supports the idea that the sequence from the liver enzyme is actually the NH2 terminus.
If the suggestion of a distinct translation event for the low molecular weight enzyme is correct, it is likely that both forms of the enzyme, one of which contains over 100 extra NH2-terminal residues but is otherwise identical to the free enzyme (13) , arise from a single gene. This could be accomplished either by synthesis of two mRNAs from different transcription initiation sites or by a single mRNA with two alternate initiation codons. Several examples are now known in which two forms of an aminoacyl-tRNA synthetase are produced from a single gene (24, 25) . In these cases, which were observed in yeast, transcription is initiated from two sites, leading to two mRNAs: the longer one encodes the mitochondrial form of the enzyme, and the 5' shortened one encodes the cytoplasmic protein. The extra NH2-terminal domains on the longer proteins are thought to target these forms to the mitochondria. Alternatively, there are also some situations in which two proteins arise from a single mRNA by Arginyl-tRNA synthetase was purified as described (16) followed by further purification by SDS/PAGE on a 1o acrylamide gel. The sample was transferred to an Immobilon membrane (Millipore); the band corresponding to arginyl-tRNA synthetase was identified by immunoblotting and cut out for sequencing. Gas-phase sequencing was carried out on an Applied Biosystems model 470A sequencer equipped with a model 120A phenylthiohydantoin analyzer for 20 cycles. The equivalent "180 pmol of pure arginyl-tRNA synthetase protein was loaded on the gel. Xaa, amino acid could not be identified.
alternate translation initiation events from two different in-frame start codons (26, 27) .
Taken together, all the data presented here provide substantial support for the conclusion that mammalian cells contain two forms of arginyl-tRNA synthetase, one associated with other aminoacyl-tRNA synthetases and one free, and that the latter form arises from a distinct translation event. Although further work at the gene and mRNA levels will be necessary to conclusively prove these points, these conclusions fit well with the model presented below, which provides a consistent explanation for this unusual situation.
Rationale for the Existence of Two Forms of Arginyl-tRNA Synthetase. For almost all other aminoacyl-tRNA synthetases, only a single form of each enzyme is found in cytoplasmic extracts of mammalian cells. What then might explain the presence of two arginyl-tRNA synthetases in these cells? One explanation, which reconciles a number of disparate observations about arginyl-tRNA metabolism, has important consequences for our understanding of protein biosynthesis.
It has been known for years that all eukaryotic cells contain an arginyl-tRNA: protein transferase that catalyzes the posttranslational addition of arginine residues to the NH2 termini of certain acceptor proteins (28, 29) . The enzyme utilizes all isoacceptors of arginyl-tRNA as the donor, but only proteins with NH2 terminal glutamic, aspartic, or cysteine residues can serve as acceptors (29) . Until recently, the function of this unusual enzyme was unknown. However, several studies have now implicated this enzyme in the ubiquitin-mediated proteolytic degradation of certain proteins (18, 30, 31) .
Proteins destined for degradation by this pathway are modified by conjugation with ubiquitin on E-NH2 groups of lysine (32) . An important determinant for reaction with ubiquitin is the identity of the targeted protein's NH2-terminal amino acid (31) . For proteins with an acidic NH2-terminal residue, the presence of tRNA is required for ubiquitin conjugation (33) , and this requirement is a consequence of the addition of an arginine residue to the NH2 termini of these proteins by arginyl-tRNA:protein transferase (18) . Proteins with NH2-terminal arginine residues are among those most rapidly degraded by the ubiquitindependent system, and the arginine modification reaction serves as a signal for the rapid addition of ubiquitin (18, 31) . It is now clear that in reticulocyte extracts the arginine modification reaction targets for degradation those proteins containing NH2-terminal glutamic, aspartic, cysteine, glutamine, or asparagine residues (31) . Furthermore, the requirement for tRNA in this system can be accounted for completely by the arginyltransferase reaction (30, 31) .
On the basis of these considerations, arginyl-tRNA may be unique among mammalian aminoacyl-tRNAs because it is needed for a process other than protein biosynthesis. given to an examination of channeling in this process. Nonetheless, several pieces of evidence support the conclusion that channeling does occur. Of particular relevance are the numerous observations that components of the proteinsynthesizing apparatus are organized. Such organization would provide a structural basis for channeling. These organized structures include the complexes of aminoacyl-tRNA synthetases described above, the association of aminoacyltRNA synthetases with ribosomes (34-36) and elongation factor (37) , and the binding of many protein synthesis components to the cytoskeletal framework of the cell (38) (39) (40) (41) . In addition, there is evidence for a functional interaction between aminoacyl-tRNA synthetases and initiation factors (42) .
A number of other studies have also shown that exogenously supplied amino acids can enter the pathway of protein synthesis without mixing with the free amino acid pool of the cell (43) (44) (45) (46) , implying that channeling may begin early in the process.
Two other studies also suggest that exogenously supplied tRNAs are not used for protein synthesis in intact systems. In one, tRNAPhe injected into Xenopus oocytes was a very poor substrate for aminoacylation by the endogenous aminoacyl-tRNA synthetase despite the fact that the same tRNA was an active substrate for this enzyme in extracts of these cells (47) . The conclusion drawn from this experiment was that the endogenous aminoacyl-tRNA synthetase is compartmentalized and not available to exogenous tRNA. In a second study, a gently prepared protein-synthesizing system from rabbit reticulocytes was shown to incorporate radioactive amino acid with a linear time course, whereas incorporation from labeled aminoacyl-tRNA proceeded only after a sub- Arginine that enters the high molecular weight aminoacyl-tRNA synthetase complex is added to endogenous tRNA by the 72-kDa form of arginyl-tRNA synthetase. The arginyl-tRNA is directly transferred to elongation factor 1 (EF1) and the ribosome and incorporated into protein without mixing with the bulk cytoplasm. Arginine interacting with the 60-kDa free form of arginyl-tRNA synthetase is added to free tRNAArg to generate arginyl-tRNA that is used by arginyl-tRNA-protein transferase to modify the NH2 terminus of certain proteins destined for ubiquitin-dependent protein degradation. stantial lag (48) . The conclusion from this work was that the aminoacyl-tRNA was first deacylated and that the free amino acid was then incorporated, bypassing use of the exogenous tRNA. Both of these studies are consistent with the idea that endogenous aminoacyl-tRNAs and synthetases are sequestered and that exogenous macromolecules do not enter the protein-synthesizing apparatus. Obviously, this is not true for the many disrupted systems studied over the years in which exogenously supplied aminoacyl-tRNAs can function in protein synthesis.
The data and model presented here raise many interesting questions about protein synthesis in vivo and in vitro. In particular, what is the nature of the organization of the protein-synthesizing machinery and what is its location within the cell, and second, do in vitro protein-synthesizing systems accurately reflect the in vivo situation when the organization has been disrupted and when large excesses of exogenous tRNA or aminoacyl-tRNA are added to the system? A detailed understanding of protein synthesis will need to consider how organization of the various components and how channeling of the intermediates might influence the process in vivo.
